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Influence of acceleration on multi-body entangled quantum states
Yongjie Pan and Baocheng Zhang∗
School of Mathematics and Physics, China University of Geosciences, Wuhan 430074, China
We study the influence of acceleration on the twin-Fock state which is a class of specific multi-
body entangled quantum state and was already realized experimentally with high precision and
sensitivity. We show that the multi-body quantum entanglement can be increased with the acceler-
ation, consistent with the “anti-Unruh effect” in reference to the counterintuitive cooling previously
pointed out for an accelerated detector coupled to the vacuum. In particular, this kind of entan-
glement increase can lead to the improvement of the phase sensitivity, which provides a way to test
the anti-Unruh effect in the future experiments.
I. INTRODUCTION
In 1976, Unruh discovered that an observer with uni-
form acceleration would feel a thermal bath of particles
in the Minkowski vacuum of a free quantum field [1],
which implicates that the particle content of a quantum
field is observer dependent [2]. This effect was put for-
ward soon after that Hawking discovered that black hole
could emit thermal radiation [3] and could help to clarify
some conceptual issues [4] raised by black hole evapora-
tion due to the equivalence. So the understanding of the
Unruh effect is also significant for Hawking radiation and
the related problems (i.e. information loss problems). In
the past years, the Unruh effect was digested and ex-
tended to many different situations (see the review [2]
and references therein), but the observation of Unruh
effect has not been realized up to now, because of the
pretty low Unruh temperature T = ~a/(2pickB) where
a is the proper acceleration of the observer, ~ is the re-
duced Planck constant, c is the speed of the light, and
kB is the Boltzman constant. The acceleration must be
about 1020m/s2 in order to realize a photon bath at 1K.
Although it was claimed that the Unruh effect is a di-
rect result of quantum field theory and does not require
any experimental confirmation if the quantum field the-
ory is correct [5], there exists still some problems needed
to be clarified through experiments or observations, i.e.
whether the particles felt by the accelerated observers are
real [6], whether the effect is applicable to the extended
systems [7], and even some theoretical calculation implies
that the possible inversion from Bose to Fermi statistics
for many-particle states observed by an accelerated ob-
server [8]. Thus, the experimental quest for the evidence
of the Unruh effect is necessary for the final confirmation.
As well-known, the most observational proposals are re-
lated to a model called the Unruh-DeWitt detector [9].
Based on the model, it is found that a quantum system
consisting of such a detector uniformly accelerating in
Minkowski vacuum sees a thermal field and thus cause de-
coherence due to the coupling with the thermal field. The
first attempt is to observe such effect by the deexcitation
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of the electron in storage rings by the thermal Unruh ra-
diation [10]. Then some other possible detections related
to proton decays [11, 12], accelerated charges [13, 14],
neutrino oscillations [15] and the recent theoretical [16]
and observational [17] methods using Larmor radiation
were proposed. In particular, an interesting observation
for Unruh radiation using quantum simulation in Bose-
Einstein condensates was reported, which is significant
for the future research of the dynamics of quantum many-
body systems in a curved spacetime [18].
On the other hand, the recent found anti-Unruh effect
[19] states that a particle detector in uniform acceleration
coupled to the vacuum can cool down with increasing ac-
celeration under certain conditions, which is opposite to
the celebrated Unruh effect. Since the experiments are
always made in the range of finite length and time, it
must distinguish the two situations of Unruh and anti-
Unruh effects carefully. An interesting way for this is to
see the change of quantum entanglement by acceleration.
According to the previous results [20–28], the quantum
entanglement would be degraded by the Unruh effect,
which helps to establish the general conclusion that en-
tanglement is also observer dependent. In particular, a
recent calculation showed that the anti-Unruh effect can
lead to the increase for the quantum entanglement [29],
which might be significant for the task of quantum infor-
mation in large spatial or temporal scale. In this paper,
we will consider the influence of acceleration on the spin
squeezed states [30, 31] and the corresponding experi-
mental feasibility through the change of entanglement.
Spin squeezed states have attracted much attention due
to their use in the measurement of the correlation or en-
tanglement among particles and in the improvement of
measurement precision in quantum metrology. We will
focus on twin-Fock (TF) states [32] which can be seen as
a kind of limit for spin squeezed states and had been re-
alized in a recent experiment with more than 104 atoms
[33].
This paper is organized as follows. First, in section
II we review the theory about two-level Unruh-DeWitt
(UDW) detector in Minkowski spacetime, and the change
of entanglement between two atoms for the Unruh and
anti-Unruh effect. This is followed in section III by the
discussions on the influence of acceleration on entangle-
ment for TF states, where the spin squeezing parameter
2is used to measure the change of entanglement. Then,
when the atoms in the TF state are accelerated, how the
phase sensitivity is changed under the background of the
Ramsey interferometer is investigated in section IV. Fi-
nally, we give a conclusion in section V. In this paper,
we use units with c = ~ = kB = 1, except the part of
analyzing the experimental feasibility in section IV.
II. THE UNRUH-DEWITT MODEL
We start with the model of UDW detector in order
to investigate the interaction between accelerated atoms
and vacuum. The detector, usually considered as a point-
like two-level quantum system or atom (as required in
this paper), consists of two quantum states, i.e. the
ground |g〉 and excited |e〉 states, which are separated by
an energy gap Ω while experiencing accelerated motion
in a vacuum field. But for the accelerated atom, the vac-
uum appears thermal due to the Unruh effect, which will
influence the state of the atom. This could be described
according to the following interaction Hamiltonian in a
(1 + 1)-dimension model,
HI = λχ (τ/σ)µ (τ)φ (x (τ)) , (1)
where φ is a scalar field related to the vacuum in
Minkowski spacetime and interacts with the acceler-
ated atom, λ is the coupling strength, τ is the atom’s
proper time along its trajectory x (τ), µ (τ) is the atom’s
monopole momentum, and χ (τ/σ) is a switching func-
tion that is used to control the interaction time scale
σ. This can be easily generalized to more complex sit-
uations such as a quantum oscillator [34], as confirmed
with KMS conditions for thermal equilibrium [35]. For
an atom accelerating in a vacuum cavity, the evolution
of the total quantum state is determined perturbatively
by the unitary operator up to first order given by,
U = I − i
∫
dτHI (τ) +O
(
λ2
)
. (2)
The atom is accelerated along the trajectory
t (τ) = a−1 sinh(aτ),
x (τ) = a−1 (cosh(aτ) − 1) , (3)
with the proper acceleration a. Note that the extra term
a−1 in the expression of x (τ) is related to the initial con-
dition and only for convenience of the calculation below
without changing the influence of the acceleration. Thus,
within the first-order approximation and in the interac-
tion picture, the evolution of the atom could be described
by [19],
U |g〉 |0〉 = D0 (|g〉 |0〉 − iη0 |e〉 |1〉) ,
U |e〉 |0〉 = D1 (|e〉 |0〉+ iη1 |g〉 |1〉) , (4)
where k denotes the mode of the (1+1)-dimension scalar
field with (bosonic) annihilation (creation) operator ak
(a†k), ak |0〉 = 0 and a†k |0〉 = |1k〉, and D0,1 is the
state normalization factor. It is noted that the cre-
ated state |1k〉 is dependent on the wave vector k, so
the coupling in Eq. (4) has to be understood by writ-
ing η
0
|1〉 = λ ∫ dkI+,k |1k〉 and η1 |1〉 = λ ∫ dkI−,k |1k〉
where I±,k is given as
I±,k =
1√
4piω
∫ ∞
−∞
χ (τ/σ) exp[±iΩτ+iωt (τ)−ikx (τ)]dτ .
(5)
The notations η
0
|1〉 and η
1
|1〉 is inseparable, but in
this paper we consider the |1〉 is the same for the
two cases under the spirit of single mode approxi-
mation [36, 37], and η
0
and η
1
are related to the
excitation and deexcitation probability of the atom,
i.e. |η
0
|2 = ∑k ∣∣〈1k, e|U (1) |0, g〉∣∣2 and |η1 |2 =∑
k
∣∣〈1k, g|U (1) |0, e〉∣∣2 where U (1) = −i ∫ dτHI (τ).
It is worth pointing out that the change of the quan-
tum state, i.e. the transition probability, is dependent on
the concrete parameters like the interaction time scale σ
and the energy gap Ω [19]. In particular, under some
conditions, for example when the interaction timescale is
far away from the timescale associated to the reciprocal
of the detector’s energy gap, the probability decreases
as the acceleration or the Unruh temperature increases,
which makes the atom “feel” cooler instead of warm up
expected by the Unruh effect. This effect was called as
anti-Unruh effect. Although the initial discussion for the
anti-Unruh effect is made in Ref. [19] for accelerated
detectors coupled to a massless scalar field either in a
periodic cavity or under a hard-IR momentum cutoff for
the continuum, it has been shown to represent a gen-
eral stationary mechanism that can exist under a station-
ary state satisfying Kubo-Martin-Schwinger (KMS) con-
dition [38–40] and is independent on any kind of bound-
ary conditions [19, 35]. Thus, like the Unruh effect, the
anti-Unruh effect constitutes another new phenomenon
for the accelerated observers. Although the physically es-
sential reasons remain to be explored for their difference,
some important elements, like the interaction time, the
detector’s energy gap, the mass of the quantum field, etc,
had been pointed out to distinguish them operationally.
Here we consider massive field with e.g. ω =
√
k2 +m2
as in Ref. [35] so that the anti-Unruh effect discussed
will not be constrained by the finite interaction time and
its validity can be extended to situations where the de-
tector is switched on adiabatically over an infinite long
time. Without loss of generality, m = 1 is used for all
numerical calculations.
With that, the change of bipartite entanglement for
two atoms was investigated before [29], in which the ini-
tial state is assumed to take the form
|Ψi〉 = (α |g〉A |e〉B + β |e〉A |g〉B) |0〉A |0〉B , (6)
with the complex coefficients satisfying |α|2 + |β|2 = 1.
Here we consider the vacuum as in a product state and
thus the interaction between either one of two atoms and
3the scalar field is independent of each other. This could
help us to understand the influence of acceleration on the
quantum state of the atoms without the disturbance of
the complicated vacuum (i.e. it is regarded as an entan-
gled state) [29]. This means that the subscripts A and
B in the vacuum state
∣∣∣0˜〉 ≡ |0〉A |0〉B represents the
locations related to the atoms A and B. For the case
we consider, each atom is independently [41] accelerat-
ing in the vacuum and has the same coupling with the
scalar field in its respective (spatial) place by the same
process presented in Eq. (4). When the two atoms are
accelerated simultaneously, the state becomes
|Ψf〉 = D0D1[(α |g〉A |e〉B + β |e〉A |g〉B) |0〉A |0〉B
− i (αη
1
|g〉A |g〉B + βη0 |e〉A |e〉B) |0〉A |1〉B
− i (βη
1
|g〉A |g〉B + αη0 |e〉A |e〉B) |1〉A |0〉B
+ (αη
0
η
1
|e〉A |g〉B + βη0η1 |g〉A |e〉B) |1〉A |1〉B],
(7)
where
∣∣∣1˜〉 ≡ |0〉A |1〉B ≡ |1〉A |0〉B represents the single-
mode state from a global perspective but |0〉A |1〉B might
be different from |1〉A |0〉B locally when the two atoms are
separated far apart, and
∣∣∣2˜〉 ≡ |1〉A |1〉B represents the
two-mode state from a global perspective. It is necessary
to keep the last term in Eq. (7) in order to make the
evolution in Eq. (4) intact formally, since the so-called
single-mode approximation in this paper is made for the
interaction between a single atom and the scalar field.
When the two atoms locates nearly at the same place,
the forms |0〉A |1〉B and |1〉A |0〉B for the vacuum can be
regarded as the same and the two related terms in Eq.
(7) can be combined into one, i.e. i(α+β)(η
1
|g〉A |g〉B+
η
0
|e〉A |e〉B) |0〉 |1〉. We consider the two atoms (or many
atoms considered in the next section) staying nearly in
the same place in the whole process of acceleration, but
the loss of atoms due to acceleration is not considered in
this paper.
The change of entanglement can be quantified by con-
currence [42] which is a widely used entanglement mea-
sure for bipartite mixed state. Concurrence is defined
by
C (ρ) = max{0, λ1 − λ2 − λ3 − λ4}, (8)
where λ1, λ2, λ3, λ4 are the eigenvalues of the Hermi-
tian matrix
√√
ρρ˜
√
ρ with ρ˜ = (σy ⊗ σy) ρ∗ (σy ⊗ σy)
the spin-flipped state of ρ, σy being the y-component
Pauli matrix, and the eigenvalues listed in decreasing or-
der. For the case of two atoms being accelerated, the
change of entanglement can be calculated using concur-
rence for the reduced density matrix ρAB by tracing out
the scalar field from the final accelerated quantum state
(7), which is shown in the upper plot of Fig.1 with the
initial state |Ψi〉 are taken by α = β = 1√2 . The solid
red line represents the case of the anti-Unruh effect, as
discussed in the paragraph after Eq. (5). More detailed
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FIG. 1: (Color online) The concurrence (upper panel) and the
spin squeezing parameter (lower panel) as a function of a when
two atoms are accelerated. The model parameters employed
are λ = 1, σ = 0.4. The solid red line denotes enhanced
entanglement with acceleration at Ω = 0.5 (referenced to the
right vertical axis), while the dashed blue line with respect to
the left vertical axis is for the decreased entanglement with
acceleration at Ω = 5. We make the total atom numberN = 2
for the right panel.
discussion and other cases for different initial states refers
to Ref. [29]. Since the experiment is always made within
certain timescale and using the certain energy gap, the
appearance of anti-Unruh effect is possible when the ex-
periment is implemented. Therefore, the experimental
test must consider this point, for which the increase of
entanglement would also be the result of acceleration.
III. TWIN-FOCK STATE
The previous section presents the UDW model and
the change of entanglement between two atoms in this
model. Since it is not easy to implement the corre-
sponding experiment to observe the effect for two atoms,
we now attempt to apply it to the case of multi-body
quantum states for multiple atoms being simultaneously
accelerated. Before that, it is noticed that the bipar-
4tite quantum state for the maximal entangled atoms,
|ψi〉 = 1√2 (|g〉A |e〉B + |e〉A |g〉B), can be regarded as
the simplest TF state. TF state is one kind of Dicke
states [43]. For a collection of N identical (pseudo-)
spin-1/2 particles, Dicke states can be expressed in Fock
space as
∣∣N
2 +m
〉
↑
∣∣N
2 −m
〉
↓ with (
N
2 +m) particles in
spin-up and (N2 − m) particles in spin-down modes for
m = −N2 ,−N2 + 1, · · · , N2 . In particular, m = 0 repre-
sents just the TF state where the number of the particles
is the same for each one of the two spin states. On the
other hand, Dicke states can be described by the com-
mon eigenstate |j,m〉 of the collective spin operators J2
and Jz, with respective eigenvalues j(j + 1) and m. For
the system consisted of N two-level atoms we will con-
sider, the state |j = N2 ,m〉 indicates that (j +m) atoms
are at the excited state |e〉, (j − m) atoms are at the
ground state |g〉, and it is the TF state when m = 0.
Jz =
1
2 (ne − ng) represents the difference of the number
of atoms between excited (ne) and ground (ng) states,
and J2 = N2
(
N
2 + 1
)
is related to the total number of
atoms. With this description, the state of two atoms can
be written as |ψi〉 = |1, 0〉, with which the average of the
difference of the number of atoms, 〈Jz〉 = 0.
When the two atoms are accelerated, according to the
UDW model discussed in last section, the state |ψi〉 will
become ρf = Trφ (|Ψf〉 〈Ψf |) where α = β = 1√2 are
taken for the state |Ψf 〉, and Trφ indicates the calcula-
tion of tracing out the part of the scalar field. Thus, the
difference of the number of atoms between excited and
ground states is obtained as
〈Jz〉 = Tr (ρfJz) = D20D21
(
|η0|2 − |η1|2
)
, (9)
where Tr represents the trace of a matrix. The result
means that the atom’s number at the excited state is
not equal to that at the ground state, different from the
requirement of TF state, unless the probability of tran-
sition from the ground state to the excited state equates
the probability for the inverse transition.
Now we extend this to the case of N atoms with the
initial TF state |j, 0〉. When all atoms are accelerated
simultaneously, the TF state becomes
ρt = B
2
0 |j, 0〉 〈j, 0|+
N/2∑
m=−N/2
N/2∑
m′=−N/2
BmB
∗
m′ |j,m〉 〈j,m′| ,
(10)
up to the normalization factor which is in-
cluded in our numerical calculation. B20 =∑N/2
k=0
[(
CkN/2
)4
(D0D1)
N (η
0
η
1
)2k
]
, Bm =
[
∑N/2−|m|
k=0 C
k
N/2C
k+|m|
N/2 (D0D1)
N/2 (η
0
η
1
)k (θ (m) (−iη0)m+
θ (−m) (iη1)|m|)] in which the function θ (x) = 1 when
x > 0 and θ (x) = 0 otherwise, the star ∗ in B∗m′ repre-
sents the complex conjugate, and Crn =
n!
r!(n−r)! denotes
the combinatorial factor of choosing r out of n. When all
atoms are accelerated, according to Eq. (4), the ground
state would change into the form D0 (|g〉 |0〉 − iη0 |e〉 |1〉),
and at the same time, the excited state |e〉 would change
into the form D1 (|e〉 |0〉+ iη1 |g〉 |1〉). Then, expanding
these terms, recombining them and tracing the vacuum
state out give the expression (10) of the final state after
acceleration. The parameter B20 represents the proba-
bility of remaining the original form of the TF state,
which includes those cases that if l
(
0 6 l 6 N2
)
atoms
are changed from the ground states to the excited states,
there must be other l atoms which are changed from
the excited states to the ground states simultaneously.
Similarly, the parameter Bm can be worked out by
choosing the terms that in every term either there are
m more excited states than ground states (that is the
case for m > 0) or there are m more ground states than
excited states (that is the case for m < 0). No crossed
terms like |j, 0〉 〈j,m|, because we consider the vacuum
state including the same number of photons as the same
state no matter which atoms emitted these photons. It
is not difficult to confirm this for the cases N = 2 and
N = 4.
In order to quantify the change of entanglement in the
process of accelerating atoms that is initially in the TF
state, we choose the spin squeezing parameter [31],
ξ2E =
min−→n
[
(N − 1) (∆J−→n )2 +
〈
J2−→n
〉]
〈J2〉 −N/2 , (11)
which is rotationally invariant and related closely to en-
tanglement. The relation between spin squeezing and en-
tanglement could be shown like that in [44, 45], in which
the inequality
(N − 1) (∆J−→n )2 +
〈
J2−→n
〉
>
〈
J2
〉−N/2 (12)
holds for any separable states, and the violation of this
inequality indicates entanglement. More related works
refer to Ref. [46]. If ξ2E < 1, the state is spin squeezed
and entangled. In particular, the smaller the value of ξ2E ,
the more the entanglement will be, which can be seen
by comparing the upper and lower panels of Fig.1. Since
the mean-spin direction of Dicke states can be set along
the z direction, we take z-direction as the direction of −→n
and the expression for the spin squeezing parameter is
written as
ξ2E =
(N − 1) (∆Jz)2 +
〈
J2z
〉
〈J2〉 −N/2 . (13)
For TF states, ξ2E = 0 due to
〈
J2z
〉
= 〈Jz〉 = 0, which
means that the initial TF state is the most spin-squeezed
and entangled state under the measure of ξ2E .
After acceleration, the TF state becomes ρt described
in Eq. (10). With this, we can calculate
〈Jz〉 = Tr (ρtJz) =
N/2∑
m=−N/2
m |Bm|2 , (14)
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FIG. 2: (Color online) The spin squeezing parameter as a
function of the acceleration a. We make the total atom num-
ber N = 100, and the other parameters are the same as in
Fig. 1.
and
〈
J2z
〉
= Tr
(
ρtJ
2
z
)
=
N/2∑
m=−N/2
m2 |Bm|2 . (15)
Thus, according to (∆Jz)
2
=
〈
J2z
〉− 〈Jz〉2, ones can cal-
culate ξ2E by substituting these results (14) and (15) into
Eq. (13), which is presented in Fig.2 for different en-
ergy gaps (see also the lower panel of Fig.1 for N = 2).
As seen, the anti-Unruh effect is represented with the
solid red line, and it shows that the entanglement in-
creases with the acceleration, as expected. It is noted
that the entanglement at a = 0 for the accelerated state
(10) is less than that for the initial maximal entangled
state due to the presence of switching function. This had
been pointed out before [19, 34] and its corresponding
behavior in entanglement was also presented clearly [29].
Moreover, we calculate the change of ξ2E with regard to
the total number N of atoms, which is presented in Fig.3.
It shows that entanglement with regard to the initial en-
tanglement or the change of entanglement increases when
the number N increases for a given acceleration, no mat-
ter what energy gap is taken. This makes the observation
easier experimentally for the influence of acceleration on
the quantum state with a larger number. Although the
trend of the change is the same both for the Unruh and
anti-Unruh effects, it appears that the change of entan-
glement with N atoms from the Unruh effect is more
violent than that from the anti-Unruh effect. This can
be understood by noticing that the atoms “feel” hotter
in the case that the Unruh effect works than that the
anti-Unruh effect works, as seen for a = 10 from Fig.2.
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FIG. 3: (Color online) The spin squeezing parameter as a
function of the total atom number N . The acceleration is
taken as a = 10, and the other parameters are the same as in
Fig. 1. The diagram is drawn by linking the different points
that are calculated for every even number from N = 2 to
N = 40.
IV. PHASE SENSITIVITY
Since the change of spin squeezing or entanglement
influences the phase sensitivity of the measurement, in
this section we will study the influence of acceleration
on the phase sensitivity and compare it with the present
experiment. In order to do this, we first give the general
expressions, and then compare the results for the TF
state and its corresponding accelerated state (10).
Consider the Ramsey interferometer [47, 48] with the
initial input state ρi, and the output state ρo = UρiU
†
where U = exp (−iθJy) is the unitary operator for the
evolution and θ is the phase shift. According to the error
propagation formula [31], the phase sensitivity ∆θ can
be calculated as
(∆θ)
2
=
(
∆J2z
)2
o
|d 〈J2z 〉o /dθ|2
, (16)
where the subscript o denotes that the average is taken
under the output state. Using UJzU
† = Jz cos θ −
Jx sin θ, it is easy to calculate
〈
J2z
〉
o
=
〈
J2z
〉
i
cos2 θ +〈
J2x
〉
i
sin2 θ where the subscript i denotes the average is
taken under the input state. It is seen that the phase shift
can be deduced by measuring
〈
J2z
〉
o
in the experiment.
The corresponding fluctuation of J2z is
(
∆J2z
)2
o
=
〈
J4z
〉
o
−〈
J2z
〉2
o
=
(
∆J2z
)2
i
cos4 θ+
(
∆J2x
)2
i
sin4 θ+Vxz sin
2 θ cos2 θ,
where Vxz =
〈
(JxJz + JzJx)
2
〉
i
+
〈
J2zJ
2
x + J
2
xJ
2
z
〉
i
−
2
〈
J2z
〉
i
〈
J2x
〉
i
. Thus, the phase sensitivity becomes
(∆θ)2 =
(
∆J2z
)2
i
cot2 θ +
(
∆J2x
)2
i
tan2 θ + Vxz
4 (〈J2x〉i − 〈J2z 〉i)2
. (17)
6When the phase shift satisfies tan2 θp =
(∆J2z)i
(∆J2
x
)
i
, the op-
timal phase sensitivity is obtained as
(∆θ)2P =
2
(
∆J2z
)
i
(
∆J2x
)
i
+ Vxz
4 (〈J2x〉i − 〈J2z 〉i)2
, (18)
which is our main formula for investigating the change of
phase sensitivity due to the influence of acceleration on
the spin squeezing or entanglement of TF states.
For Dicke states |j,m〉, the optimal phase sensitiv-
ity occurs at θ = 0 due to
(
∆J2z
)
i
= 0. It is calcu-
lated easily that
〈
J2x
〉
i
= 12
[
j (j + 1)−m2], 〈J2z 〉i = m2,
Vxz =
1
2
(
4m2 + 1
) [
j (j + 1)−m2]− 2m2. According to
Eq. (18), the optimal phase sensitivity for Dicke states
is obtained as
(∆θ)
2
PD =
(
4m2 + 1
) [
j (j + 1)−m2]− 4m2
2 [j (j + 1)− 3m2]2 . (19)
When m = j, the result is 12j which is the standard
quantum limit and can be reached by the spin coherent
state [49]. When m = 0, we have
(∆θ)2PD =
1
2j (j + 1)
, (20)
which gives the phase sensitivity with
√
2
N(N+2) ap-
proaching the Heisenberg limit [50].
For the accelerated state in Eq. (10), a direct but
tedious calculation within the approximation, m,m′ <<
j and |Bm|2 << B20 gives
〈
J2z
〉
=
N/2∑
m=−N/2
m2 |Bm|2 ,
∆J2z =
√√√√√ N/2∑
m=−N/2
m4 |Bm|2 −

 N/2∑
m=−N/2
m2 |Bm|2


2
,
〈
J2x
〉 ≃ 1
2
j (j + 1)B20 ,
∆J2x ≃
B0
2
√
2
j (j + 1) ,
Vxz ≃ 1
2
j (j + 1)

1 + N/2∑
m=−N/2
|Bm|2
(
4m2 + 1
) .
(21)
Put these results into the Eq. (18), and the phase sensi-
tivity is obtained as
(∆θ)
2
PA ≃
1
2j (j + 1)
+
√
2B0∆J
2
z
2j (j + 1)
+
∑N/2
m=−N/2 |Bm|2
(
4m2 + 1
)
2j (j + 1)
(22)
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FIG. 4: (Color online) The phase sensitivity as a function of
the acceleration a. We make the total atom number N = 100,
and the other parameters are the same as in Fig. 1.
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FIG. 5: (Color online) The phase sensitivity as a function of
the acceleration a. We take the parameters according to the
experiment made in Ref. [33] with λ = 1, σ = 30, Ω = 2pi,
and N = 10000.
where the terms related to the summation are ignored
in the denominator and we have confirmed this approx-
imation numerically. Fig.4 presents the behavior of the
phase sensitivity with regard to the acceleration. It is
seen that when the acceleration increases, the anti-Unruh
effect can lead to the improvement of the phase sensitiv-
ity. This is expected, since entanglement will increase
(this corresponds to the decrease of the squeezing pa-
rameter) when the quantum state is accelerated in the
case that the anti-Unruh effect works.
Now we estimate the feasibility to test the effect
through the corresponding experiments. In the recent
experiment that generates the TF state [33], the temper-
ature is decreased to the level of 10−9 K that is required
to form Bose-Einstein condensates. Thus, in order to test
the Unruh or anti-Unruh effect, the acceleration has to
reach the level of 1010 m/s2 at least, which is smaller than
other experimental proposals [11–14, 16] to test such ef-
7fect, in which the acceleration is more than 1017 m/s2.
Together with the experimentally allowable parameters,
Ω ∼ 2pi Hz, N ∼ 10000, it is gotten that
(∆θ)2PA ∼ 10−6, (23)
which is consistent with the present sensitivity in the
experiment. This doesn’t mean that the Unruh or anti-
Unruh effect can be tested in the experiment instantly,
because the required acceleration is still too large for the
practical implementation. However, such suggestion is
promising by reducing the acceleration through decreas-
ing the experimental temperature or increasing the num-
ber of atoms under the present sensitivity. It is also feasi-
ble to reduce the acceleration by improving the sensitiv-
ity of measurement by some means other than changing
the temperature or the number of atoms. In particular,
for the anti-Unruh effect, it is noticed that the influence
of acceleration on the TF state could be extracted, even
though the temperature generated by the acceleration is
lower than the temperature of background, due to the
fact that the thermal effect from the background cannot
lead to the increase of entanglement similar to the anal-
ysis made in Ref. [35]. This is attractive for the future
experiment with higher sensitivity. Fig. 5 presents the
possibility to realize the case of anti-Unruh effect with
the accelerating TF state.
V. CONCLUSION
In this paper, we revisit the influence of acceleration
on quantum entanglement and the possible test for this
effect through accelerating one class of experimentally
feasible multi-body entangled quantum states. We have
calculated the change of the TF state due to acceleration
and studied the change of entanglement among atoms
using the spin squeezing parameter as the measurement
of entanglement. It is shown that entanglement among
atoms not only decreases but also increases with the ac-
celeration for the certain range of the parameters. We
have also compared the measurement of entanglement for
two atoms using concurrence and spin squeezing param-
eter respectively and found that the same conclusion are
obtained. In order to investigate the feasibility of test-
ing the effect from acceleration, we have calculated the
phase sensitivity of measurement using the distorted TF
state due to acceleration. It is interesting to note that
the case for anti-Unruh effect can appear for such accel-
erated states, which is favorable for the possible future
experiment since this effect is distinctive and different
from that coupled to a thermal environment directly by
inertial observers [35].
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